Abstmcr-CDMA cellular systems use soft handoff. Although the capacity of CDMA systems is interference-limited in nature, channel shortages may occur because soft handoff uses several channels simultaneously. To cope with this problem, we propose an improved handoff method which borrows channels from stationary calls participating in soft handoff and allocates the borrowed channels to handoff requests by moving calls when a channel shortage occurs. Borrowing from stationary calls is possible because these calls do not undergo fast-fading and do not require receiver diversity. The proposed method is designed to avoid increased interference resulting from channel-borrowing. The proposed channel-borrowing handoff scheme is analyzed in a situation involving both moving and stationary calls. A comparison is made between the performances of the typical 1S-95-based handoff scheme and the proposed scheme. Numerical results show that the proposed scheme is better than the IS-95 scheme in view of the handoff refused probability, the handoff queuing delay.
I. INTRODUCTION
Cellular communication systems require handoff to provide seamless service for users moving across cells. The two types of handoff are soft handoff, which is used in CDMA systems, and hard handoff, which is used in FDMA and TDMA systems [I] .
IS-95 defines a soft handoff scheme [2] in which soft handoff is initiated and ended based on received signal strength of an MS(mobi1e station). It is generally accepted that the reverse link capacity is more crucial than the forward link capacity in CDMA systems. Selection diversity is used in the reverse link of IS-95 soft handoff. In actual urban CDMA cellular systems, the handoff area occupies about 30 -40% of the entire cell area and the number of stationary MS calls is about 40 -50% of the number of the total MS calls. This large handoff area may be beneficial to fast moving calls, but it is useless to stationary calls, which constitute a large part of the total calls. Stationary or slow moving calls experience weak fast-fading and do not require receiver diversity. Therefore, it can be beneficial to perform soft handoff, considering both the mobility of calls and the received signal strength.
We propose a speed-based handoff scheme in CDMA cellular systems which uses the estimated speeds of MSs and the received signal strengths. We assume that there are moving and stationary calls in service. The proposed scheme operates like the normal IS-95 soft handoff scheme when free channels exist. However, when all channels are occupied and a handoff request occurs, a channel is borrowed from a stationary call participating in soft handoff and allocated to the handoff request. Therefore, the handoff refused probability is lowered. The IS-95-based soft handoff scheme and the proposed scheme are analyzed and compared.
The remaining part of this paper is organized as follows: The proposed channel-borrowing handoff scheme is described in detail in Section 11; Section I11 presents an analysis of the proposed handoff scheme using a birth-death process; numerical results of the proposed scheme is compared with that of the IS-95 scheme in Section IV, and Section V presents a conclusion.
CHANNEL-BORROWING HANDOFF SCHEME
To facilitate the proposed handoff scheme, we assume that the speed of a communicating MS can be estimated. There are several methods used to estimate the speed of an MS, including GPS [3] , microsensor [4], cell sojourn time [5] , [6] , and fastfading [7] . Based on the estimated speeds, calls are classified as either stationary or moving.
Channels are reserved for handoff calls in typical handoff schemes because handoff success is more important than new call acceptance. When all channels, except the reserved channels, are used, new calls are blocked and only handoff requests are accepted. This is called as a cutoff state. If all channels are used, handoff requests are placed into a queue waiting for a free channel.
We propose an improved handoff scheme based on the mobility of calls in CDMA cellular systems. This scheme assumes that a channel shortage is more crucial than the amount of interference. The amount of total interference of a cell in CDMA systems depends on not only the number and speed distribution of calls in the cell but also other cell traffic. In this situation, the number of available channels could be insufficient although the amount of interference is below the maximum allowable level.
The proposed scheme is applied to this situation. Unlike the IS-95 handoff scheme, if all channels are occupied and a handoff request occurs, a channel is borrowed from a stationary call participating in a soft handoff process and is allocated to the handoff request. We call this process channel-borrowing. If there are no stationary calls in the soft handoff process, the handoff request is placed into a queue and waits for free channels.
When channel-borrowing is performed, it is important not to increase the total interference. Because uplink interference is more critical than downlink interference in CDMA systems, we consider the uplink interference here. Selection diversity is used for uplinks in IS-95 CDMA systems where one BS(Base Station), which has a higher receiving power than another BS, is selected to demodulate the received signal. In IS-95, the selected BS is called the controlling BS. When the call moves during the handoff process, the controlling BS will be changed depending on the degree of pathloss and fading. However, if the call is stationary in soft handoff, the controlling BS will not be changed during the call duration. When channel-borrowing cuts the connection between an MS and a controlling BS, the MS still has a connection with the previous non-controlling BS and should increase its transmitting power. When a channel is borrowed from the non-controlling BS, the transmitting power of the MS will remain the same. Therefore, in the proposed scheme, the channel is borrowed from the non-controlling BS and total interference is not increased.
Stationary calls in soft handoff are divided into two groups.
These are E -group and F -group. Let P,.,A be the received power at BS A of a signal transmitted by a stationary MS call in soft handoff with cell A and B. Also, let P r ,~ be the received power at BS B of a signal transmitted by the MS call. Then, the E -group and the F -group can be defined as follows:
If Pr,* > P,.,B, that is, if BS A is the controlling BS of the call, the call is in the E -group of cell A and the F -group of cell B.
If P r ,~ < P,.,B, that is, if BS B is the controlling BS of the call, the call is in the F -group of cell A and the E -group of cell B.
Note that the E -group of one cell is the F -group of a neighbor cell. Fig. 1 shows the E -group and the F -group when there is no fading effect. Fig. 2 shows the case that a channel is borrowed from a stationary call in soft handoff when an incoming handoff request to a cell occurs with no free channels.
In this case, a channel is borrowed from a call in the F -group of the cell to release a connection with the non-controlling BS of the call. If there are no calls in the F -group of the cell, the incoming handoff request is placed into a queue. If there are calls in the F -group of the cell, a channel is borrowed from a call in the F -group and allocated to the handoff request.
In this case, channel-borrowing from a call in the F -group of one cell corresponds to channel-borrowing from a call in the E -group of a neighbor cell.
Using the proposed channel-borrowing scheme, the handoff refused probability can be lowered compared with the IS-95 handoff scheme while the new call blocking probability does not vary.
MODELING AND ANALYSIS
We analyze the proposed channel-borrowing handoff scheme using a birth-death process considering coexisting moving and stationary calls. The analysis of the IS-95 handoff scheme considering moving and stationary calls is addressed in [8] . It is assumed that a call can be in soft handoff with two BSs simultaneously. The considered cellular system is the same as [9] . The entire cell area is divided into a normal area and a handoff area. Each cell is assumed to be surrounded by six cells. All cells are the same size and have identical stationary probability distributions. The parameters used in this analytical model are as follows:
a : ratio of the handoff area to the entire cell area. b : ratio of the stationary new call arrival rate to the total new call arrival rate. Amz : moving new call arrival rate in the normal area. Asl : stationary new call amval rate in the handoff area.
As2 : stationary new call arrival rate in the normal area.
An : total new call arrival rate in the entire cell area.
A h : handoff request arrival rate. p n h : transfer rate of a moving call from the normal area to the p h n : transfer rate of a moving call from the handoff area to p h o : outgoing departure rate of a moving call from the handoff T, : mean call duration time.
TdC : mean dwell time of a moving call in the whole cell. C : number of channels in a cell. c h : number of reserved channels for handoff requests. Q : maximum queue length.
handoff area of the same cell.
the normal area of the same cell.
area.
Here, A n = Am1 + Am2 + 1181 -I-As2 and p h = p h n -I-p h o .
The call duration time is assumed to be exponentially distributed with a mean of T, = p;'. Values of p n h , p h n . and pho are obtained from T d c and a, as described in [9] .
A. Analysis of Channel-borrowing Handoff Scheme
The process state of the proposed handoff scheme is defined as where i is the number of active moving calls in the handoff area. j is the number of active moving calls in the normal area, e is the number of active stationary calls in the E -group participating in the soft handoff process, f is the number of active stationary calls in the F -group participating in the soft handoff process. region located between the considered cell and a neighbor cell with a rate j . p n h . The moving call requests a channel from the neighboring cell for handoff. However, when the neighboring cell is in the borrowuing state with a probability of Pc, a channel should be borrowed from a F-group call of the neighboring cell which is also an E -group call of the considered cell with a probability 1/6. Meanwhile, j . pnh .
(1 -Pc/6) is applied for the same situation where a call in the normal region of the considered cell moves to the handoff region located between the considered cell and a neighbor cell, and the neighbor cell is in the borrowing state. However, in this case, the borrowed channel from the F -group call in the neighbor cell is not obtained from the E -group of the considered cell, but from another cell. Therefore, 1 -Pc/6 is multiplied to j .p,h. If the number of the E -group calls of the considered cell is zero, i.e., e = 0, j . pnh is used instead. In the cutoff state, the new call arrival rates are zero. Fig. 4 shows the queueing part of the birthdeath process of the channel-borrowing handoff scheme when N ( s ) = C, f = 0, and q > 0. When the queue is not empty, f is always zero due to channel-borrowing. Handoff arrival rate is represented as
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Letp(i,j, e, f , 1, q ) be the steady-state probability of the state v = (i,j, e, f, 1,q). The important parts of the entire state transition diagram are shown in Fig. 3 
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When N ( v ) = C and f = 0, handoff arrivals are placed into a queue. Fig. 3 is the birth-death process of the channel-borrowing handoff scheme before the cutoff State with e > 0 and f > 0. In Fig. 3 , :Ah . PC is the rate at which a channel is borrowed from an E -group call in the considered cell, because a neighboring cell is in the borrowing state and a handoff arrival from a cell other than the considered cell occurs in the neighboring cell.
The case that j . pnh . Pc/6 is applied is as follows: A call in the normal region of the considered cell moves to the handoff A new call in the handoff area can request channels from two BSs. Therefore, the blocking probability of the new call in the handoff area is the square of the new call blocking probability from the viewpoint of a cell. Therefore, the new call blocking probability from the viewpoint of a system is given by
( 5 )
The handoff refused probability is defined as the probability that an incoming handoff request does not obtain a handoff channel until either call completion or cell departure of the caller. The handoff refused probability is described as When a handoff request amves and there are no free channels, the handoff request is placed into a queue. For an unliniited queue size, the mean queuing delay of an incoming handoff request under the condition that the handoff request should wait in queue is represented using little's law as D = EQ/Ah (9) where EQ is the mean queue size under the condition that all channels are used in a cell. EQ is obtained as follows: . The maximum queue size Q is 8. Numerical results show that the probability that the system will achieve the maximum queue size of 8 is zero for all considered cases. Thus, the system can be considered as having an unlimited queue size. to the total new call arrival rate in a cell. The new call blocking probability of the channel-borrowing scheme is almost equal to, or slightly lower than, the probability of the IS-95 handoff scheme because the channel-borrowing scheme serves more moving handoff calls than the IS-95 scheme by borrowing channels from stationary hadnoff calls to serve moving handoff requests.
Fig . 6 shows the handoff refused probability PHR of the IS-95 and the channel-borrowing handoff schemes. The handoff refused probability of the channel-borrowing scheme is lower than that of the IS-95 scheme. Fig. 7 shows the mean queuing delay D of an incoming handoff request under the condition that all channels are occupied when the handoff request amves. The queuing delay ot the channel-borrowing scheme is far less than that of the IS-95 scheme because the channel-borrowing scheme provides more channels for handoff requests than the IS-95 scheme. This lower queuing delay under the condition that all channels are used results in less interference when a cell is in a high load condition. Therefore, the channel-borrowing scheme is preferable to the IS-95 scheme with respect to interference.
V. CONCLUSIONS
We propose a channel-borrowing handoff scheme based on user mobility in CDMA cellular systems in which a channel is borrowed from a stationary call in soft handoff and given to a handoff request of a moving call, when all channels in a cell are occupied. The proposed scheme does not increase interference to other users. We analyze the performance of the proposed handoff scheme considering both moving and stationary calls. Numerical results show that the proposed scheme outperforms the IS-95 scheme with respect to the handoff refused probability, queuing delay. 
